INTRODUCTION {#SEC1}
============

The vast majority of sequence variants in the genome occur outside of coding regions ([@B1],[@B2]). Mutations in coding regions are annotated as different types based on the conserved sequence of protein-coding genes and amino acid changes, however, the relationships between noncoding variants and genes are not straightforward. Efforts by the ENCODE ([@B3]) and Roadmap Epigenomics ([@B4]) projects as well as individual research groups ([@B5]--[@B8]) have revealed the landscape of regulatory elements across the human genome. Mapping variants to the whole genome showed that disease-associated single nucleotide polymorphisms (SNPs) are strongly enriched in regulatory elements, especially those activated in relevant cell types ([@B9]). However, because most regulatory elements are widely dispersed across the genome, interpreting the effects of noncoding variants at on the regulation process of target genes is a great challenge.

The rapid advances of chromosome conformation capture (3C)-based technologies such as 5C ([@B10]), Hi-C ([@B11]--[@B13]) and ChIA-PET ([@B14],[@B15]) are providing increasing data on the 3D architecture of the genomes. 5C and Hi-C identify protein-independent chromatin looping and measure 3D genome organization, while ChIA-PET identifies protein-mediated looping and gives information about the role of proteins in structuring 3D organization. Recent studies based on these technologies have revealed the models of DNA elements regulating the expression of distal target genes through 3D chromatin interactions. Scattered elements such as enhancers, insulators and protein-binding sites are tethered to the promoter regions of genes through chromatin looping to facilitate gene transcription. Rao *et al*. found that chromatin loops identified by Hi-C frequently link promoters and enhancers, correlate with gene expression, and are conserved across cell types ([@B12]). Another study showed that transcriptionally active genes frequently contacted enhancer-like elements, whereas transcriptionally inactive genes interacted with potential long-range silencers marked by repressive features. They also showed that the interacting loci were enriched for disease-associated SNPs, suggesting distal mutations may disrupt the regulation of relevant genes ([@B16]). In addition, principles of 3D chromatin structuring have also been revealed based on the patterns of chromatin modifications and the distance between the pair of loop anchors ([@B12],[@B17]--[@B19]). Handoko *et al*. found that chromatin domains demarcated by chromatin loops could be clustered into five types with distinct histone signatures and observed a clear transition of the histone patterns that differentiate active signals from inactive signals at ∼200 kb ([@B17]). A transition of gene expression profile was also observed at similar distance of promoter-enhancer interactions in our recent study on the multivalent roles of CTCF in 3D chromatin looping ([@B19]).

A number of databases and computational tools have been developed for annotating noncoding SNPs based on their local genomic contexts. RegulomeDB ([@B20]) database focuses on interpreting the one-dimensional (1D) chromatin signatures, including predicted chromatin states ([@B21]), histone modifications, DNase I hypersensitive sites (DHSs) and transcription factor binding sites (TFBSs). HaploReg ([@B22],[@B23]) integrates the local chromatin signatures with LD information to facilitate the annotation of noncoding variants. A computational tool GWAS3D ([@B24]) includes chromosome interactions as an important local signature together with other local signatures and LD data to reprioritize genetic variants, however, the linkages between noncoding variants and genes haven\'t been established. FunSeq2 ([@B25]) attempts to link regulatory variants with potential target genes by correlating epigenetic modifications with gene expression levels, however, one major limitation of this method is that the target gene prediction can only be made within 1Mb from the regulatory elements so that some distal interactions may be missed. CCSI ([@B26]) database collected a large set of 3D chromatin interactions in human, mouse and yeast, and can provide a list of 3D interacting genomic regions, the embedded enhancers and SNPs when given a gene name or a genomic region. However, missing a series of important genomic features including chromatin states, histone modifications, TFBS, TF motif, eQTL and conservation greatly limits the application of this database. Therefore, integrating 3D chromatin interactions and 1D chromatin signatures is essential for linking noncoding regulatory SNPs to target genes.

Here, we provide a database, 3DSNP, which comprehensively annotates the regulatory function of human noncoding SNPs by exploring their 3D interactions with genes mediated by chromatin loops. 3DSNP integrates sequential and genotyping data, 3D chromatin interactions, phenotyping data and a variety of chromatin signatures across a broad range of cell types. 3DSNP provides a series of informative tables, publish-ready figures and a comprehensive scoring system to help researchers discover the regulatory roles of noncoding variants upon their 1D and 3D genomic features.

DATA COLLECTION AND PROCESSING {#SEC2}
==============================

Sequential and genotyping data {#SEC2-1}
------------------------------

Sequential and genotyping information, including chromosome position, Reference/Alternative alleles and minor allele frequency (MAF), of 149 254 102 SNPs and small INDELs were obtained from NCBI dbSNP build 146. Pairwise LD was calculated for each pair of SNPs within a 200 kb window from the 1000 Genomes Project phase 3 data using VCFTools ([@B27]) and PLINK ([@B28]), and associated SNPs were determined using a LD threshold of *r*^2^ = 0.8 in each of the five super populations (African: AFR, Ad Mixed American: AMR, East Asian: ASN, European: EUR and South Asian: SAS). Gene annotations were obtained from GRCh37/hg19 version of RefSeq genes from the UCSC Genome Browser ([@B29]), and the relative position of each variant to the closest annotated gene was determined by overlapping the variant with the 2 kb upstream to 2 kb downstream of the gene using BEDTools ([@B30]). The data sources of 3DSNP are shown in Figure [1](#F1){ref-type="fig"}.

![The data sources of 3DSNP (see the description of data collection and processing for details).](gkw1022fig1){#F1}

Three-dimensional chromatin interactions {#SEC2-2}
----------------------------------------

Hi-C technology was chosen as the main source for inferring 3D chromatin interactions in 3DSNP, because it detects 3D genome organization at a truly genome-wide scale and the detection is independent of any specific protein factor. We collected and curated Hi-C datasets from several genome-wide chromosome conformation studies ([@B12],[@B13],[@B31],[@B32]). Chromatin loops already available in these studies ([@B12],[@B13],[@B32]) were directly used with the finest resolution. For H1 and IMR90 datasets, in which chromatin loops were not available, we used the HOMER pipeline ([@B33]) to call chromatin loops with a resolution of 10 kb and False Discovery Rate (FDR) \< 0.01. In total, we collected 75,362 high-confidence chromatin loops in 12 human cell types. According to the recently developed models of 3D chromatin structuring, we divided chromatin loops into two different types. For a chromatin loop spans shorter than 200 kb, the corresponding interaction type is 'Within loop', where regulatory variants and genes whose transcription start sites (TSSs) located within can interact with each other. For a chromatin loop longer than 200 kb, the type is 'Anchor-to-anchor', where only regulatory variants and genes whose TSS located at the two anchors are supposed to interact with each other.

One-dimensional chromatin signatures {#SEC2-3}
------------------------------------

A variety of local chromatin signatures were used to annotate the regulatory functions of SNPs, including predicted chromatin states, histone modifications, DNase I hypersensitivity sites (DHSs) and TFBSs. Chromatin states were predicted in 127 Roadmap cell lines using the core 15-state ChromHMM model trained on a core set of five histone marks (H3K4me3, H3K4me1, H3K36me3, H3K27me3, H3K9me3) in 60 epigenomes. The 15-state model was used because it can capture all the key chromatin states with sufficiently distinct chromatin marks. States corresponding to enhancers or promoters were assigned to SNPs by intersecting intervals by coordinate. The binding sites of 153 transcription factors (TFs) in 91 human cell lines and DHSs in 125 cell lines were obtained from ENCODE and intersected with SNPs for annotation.

Genome sequence signatures {#SEC2-4}
--------------------------

Two types of sequence signatures were used to annotate regulatory SNPs: TF binding motifs altered by SNPs and sequence conservation. To annotate SNPs by their effects on TF binding motifs, we collected a total of 1207 position weight matrices (PWMs) of TFs from the TRANSFAC ([@B34]) and JASPAR ([@B35]) databases and used the TFM-Scan software ([@B36]) to locate the putative binding motifs of TFs by scanning the two strands of the genomic DNA with these PWMs. A stringent threshold of *P*-value \< e^−12^ (6.1E−06) was used to determine significantly matched motifs, which were then overlapped with SNPs using BEDTools. The conservation of SNPs was measured by two PhyloP scores ([@B37]) obtained from the UCSC Genome Browser. The two PhyloP scores were calculated from multiple alignments of 46 vertebrate genomes and 33 mammal genomes respectively. The absolute values of the PhyloP scores represent −log(*P*-values) under a null hypothesis of neutral evolution, and sites predicted to be conserved are assigned positive scores, while sites predicted to be fast-evolving are assigned negative scores.

Expression quantitative trait loci (eQTLs) {#SEC2-5}
------------------------------------------

Correlations between genotype and tissue-specific gene expression levels will help annotate the effects of genetic variants on gene regulation. We collected a total of 19 582 729 significant SNP-gene pairs (FDR ≤ 0.05) in 44 human tissues from the GTEx project version 6 ([@B38]). To measure the significance of the eQTLs, nominal eQTL p-values and the effect size were obtained for each SNP-gene pair. Nominal eQTL *P*-values were generated using a two-tailed t test, testing the alternative hypothesis that the beta deviates from the null hypothesis of *β* = 0. The effect size of the eQTLs is defined as the slope ('*β*') of the linear regression, and is computed as the effect of the alternative allele (ALT) relative to the reference allele (REF) in the human genome.

DATABASE FEATURES {#SEC3}
=================

Scoring system {#SEC3-1}
--------------

In 3DSNP, each SNP is scored based on its annotated records on six functional categories: 3D interacting genes, enhancer state, promoter state, transcription factor binding sites, sequence motifs altered and conservation score. Different from the scoring scheme of RegulomeBD, which classifies SNPs into classes based on the combinatorial presence/absence status of functional categories, 3DSNP adopts a quantitative scoring system to evaluate the functional significance of a SNP in different categories. For the first five categories, we used the number of annotated records (hits) to assign score to a SNP in the corresponding category. Specifically, we fitted the numbers of hits of all SNPs in each chromosome to a Poisson distribution model. Considering a SNP has *k* hits in one functional category *F*, $\documentclass[12pt]{minimal}
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For the conservation category (*F'*), we used the PhyloP scores in 33 mammal genomes to assign the conservation scores to SNPs. We found the PhyloP scores of all SNPs in a chromosome follow a Gaussian distribution. Considering a SNP has a conservation score of *c*, $\documentclass[12pt]{minimal}
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The total score of a SNP is the sum of scores of the six functional categories.

Visualization {#SEC3-2}
-------------

We used a regional LD plot to visualize the associated SNPs of a specific SNP in LD. In this plot, the x-axis shows chromosome coordinates, y-axis shows values for *r*^2^, the size of the node represents its total score, and associated SNPs in five populations are shown in different colors, as shown in Figure [2](#F2){ref-type="fig"}. Associated SNPs in each of the five populations can be removed from or added to the plot by clicking the corresponding circle in the legend. Users can also restrict the range of total score for displaying by adjusting the upper and lower bound of size bar at the right side of the plot. A detailed page will be opened by clicking the node of the corresponding SNP. The regional LD plots can be displayed in the browser and can also be downloaded as high quality, publication-ready PNG files.

![The regional LD plot of associated SNPs of rs12740374. In the plot, x-axis shows chromosome coordinates, y-axis shows values for *r*^2^, the size of the node represents its total score, and associated SNPs in five populations (AFR: African, AMR: Ad Mixed American, ASN: East Asian, EUR: European and SAS: South Asian) are displayed in different colors, and rs12740374 is displayed in black.](gkw1022fig2){#F2}

To visualize chromosome interactions among noncoding variants, distal regulatory elements and gene promoters, 3DSNP provides both circular and linear plots of chromosome interactions and epigenetic signatures. We first used the Circos ([@B39]) software to dynamically generate circular plots according to the selected cell type and chromatin features by users. As shown in Figure [3A](#F3){ref-type="fig"}, from outer to inner, the circle represents chromatin states, annotated genes, histone modification set (red), transcription factor set (blue), current SNP and associated SNPs, and 3D chromatin interactions, respectively. The mapping data of chromatin states, DHS and six important histone modifications (H3K4me1, H3K4me3, H3K9me3, H3K27ac, H3K27me3 and H3K36me3) in 127 cell types obtained from the Roadmap Epigenomics project and the binding sites of 153 TFs in 91 cell lines obtained from the ENCODE project are available for visualizing by Circos in 3DSNP. Current SNP (labeled by red) and its top 20 significantly associated SNPs (*r*^2^ \> 0.8) in LD in all five populations are displayed in the SNP circle. Chromatin interactions in 12 cell types are displayed using colored ribbon links in the central region of the plot. For long-range interactions spanning \>1 Mb, the chromosome is cropped by removing irrelevant genomic region. In addition to Circos, 3DSNP also provides a linear plot of chromatin interactions and signatures using UCSC genome browser. As shown in Figure [3B](#F3){ref-type="fig"}, from top to bottom, the tracks are: genomic coordinates, chromatin interactions, current SNP, UCSC genes, RefSeq genes, histone modifications, CTCF binding sites, DNase Clusters and mammal conservation. Chromatin interactions and SNP tracks are added to the plot using custom track of the genomic coordinates in BED format. All these plots are displayed in the browser and can be downloaded as high quality, publication-ready PNG files.

![The circular plot (**A**) and linear plot (**B**) of chromosome interactions and epigenetic signatures in HepG2 cells related to rs12740374. In the circular plot, from outer to inner, the circle represents chromatin states, annotated genes, histone modification set (red), transcription factor set (blue), current SNP and associated SNPs, and 3D chromatin interactions, respectively. The three circles in the histone modification set are H3K4me1, H3K4me3, H3K27ac, and the three circles in the TFs set are CTCF, CEBPB and CEBPD. In the linear plot, from top to bottom, the tracks are: genomic coordinates, chromatin interactions, current SNP, UCSC genes, RefSeq genes, histone modifications, CTCF binding sites, DNase Clusters and mammal conservation.](gkw1022fig3){#F3}

Web interface {#SEC3-3}
-------------

3DSNP provides a series of user-friendly interfaces for the users to search, browse, visualize and export the results. A search box is available on the home page, which can be used for fast searching and browsing. The system accepts three types of input: a set of dbSNP IDs, a genomic region written as 'chrN:start-end' or an annotated gene written as 'gene:SYMBOL'. Users can also upload a text file containing a set of SNPs or genomic regions by clicking the upload icon at the right side of the search box. A dynamic table below the search box displays the summarized information about the important features of SNPs, including total score, 3D interacting genes, linear closest genes, Enhancer/Promoter states, TFBS and Motifs. For the last four features, the numbers of records are displayed for brevity. The summary table can be copied to clipboard or be exported to files in 'Excel' or 'PDF' formats. By clicking the '+' sign at the beginning of each row, users can get a set of SNPs associated to the corresponding SNP in LD in five populations. A table containing the total score, *r*^2^ and *D*' information and a regional LD plot of SNPs are displayed in the expanded area. By clicking on the SNP ID in these tables, a new page containing all detailed information on the corresponding SNP will be opened. The detailed page is divided into different sections, and a navigation bar on the right side of the web interface can be used to quickly navigate to any required section. These sections are 'Overview', 'Sequential information', 'Visualization', 'Linear closest gene', '3D interacting gene', 'eQTL', '3D interacting SNP', 'Chromatin state', 'TFBS', 'Sequence Motif' and 'Conservation'. Most of the sections contain informative tables and figures displaying the details of the SNP in the corresponding functional category. For the conciseness of the details page, a functional category will only be shown if the SNP has one or more records in the category. The 'Overview' section contains a text describes the scores of six functional categories and the total score of the SNP. A radar chart at the right side of the text can intuitively display the functional tendency of a SNP among six functional categories.

Application program interface (API) {#SEC3-4}
-----------------------------------

3DSNP provides a more powerful way for users to access the data through the use of API. 3DSNP API enables different applications to access a set of functional categories of request SNPs with programmable interfaces. The API is defined as a HTTP URL request message (<http://biotech.bmi.ac.cn/3dsnp/api.do>), along with a set of parameters, including: request data type, response message format and request functional category. Two types of request data are supported: SNP IDs and a genomic region. Response messages can be returned in two formats on request: XML or JSON. Example API requests could be defined as: <http://biotech.bmi.ac.cn/3dsnp/api.do?id=rs1000&format=json&type=3dgene> or <http://biotech.bmi.ac.cn/3dsnp/api.do?position=1000000-1000100&chrom=chr1&format=xml&type=3dgene,eqtl>.

Usage {#SEC3-5}
-----

To illustrate the usage of 3DSNP, we search the database with a well-studied noncoding SNP at the chromosome 1p13 locus, rs12740374, associated with the risk of myocardial infarction ([@B40]). From the summary table below the search box, we can see that rs12740374 is assigned with a high total score of 134.74, interacts with *PSRC1* and other seven genes in 3D, locates in enhancer state in 53 cell lines and promoter state in 20 cell lines, and overlaps with 69 TFBSs. The associated SNPs of rs12740374 in LD can be seen by clicking the '+' sign at the beginning of the corresponding row. The total score, pairwise *r*^2^ and *D*' of associated SNPs in five populations are listed in a table, and an integrated regional LD plot is also displayed, as shown in Figure [2](#F2){ref-type="fig"}. In the detailed page of rs12740374, we can see the total score of this variant is mainly attributed to three functional categories: TFBS (86.23), Enhancer (32.13) and Promoter (12.64) in the 'Overview' section. In the 'Visualization' section, the local chromatin signatures and 3D chromatin interactions are displayed in circular and linear plots, and the cell type of the circular plot can be set to HepG2, as shown in Figure [3A](#F3){ref-type="fig"}, [B](#F3){ref-type="fig"}. In the 'eQTL' section, we can see rs12740374 is significantly correlated with the expression levels of *SORT1* in liver. In the 'TFBS' section, we can see rs12740374 locates at the binding sites of CEBPB and CEBPD in HepG2, IMR90 and HeLa-S3 cells with high DNA accessibilities (1000/1000). These results are highly consistent with a previous study on this noncoding locus ([@B40]) reporting that rs12740374 creates a C/EBP (CCAAT/enhancer binding protein) TFBS and alters the hepatic expression of the *SORT1* gene. More importantly, we can see from both the circular and linear plots and the '3D interacting SNP' section, that rs12740374 interacts with the *SORT1* gene mediated by chromatin loops in five different cell types: KBM-7, NHEK, IMR90, K562 and PC3, strongly suggesting that the relationship between rs12740374 and *SORT1* is mediated by 3D chromatin looping.

DISCUSSION {#SEC4}
==========

3D chromatin interactions are crucial for decoding the roles of DNA regulatory elements and the embedded SNPs. 3DSNP takes advantage of the rapid development of the Hi-C technology to annotate noncoding variants. Despite that a number of Hi-C studies have been carried out and some important principles on 3D genome have been uncovered, the 3D chromatin architectures in most human cell lines are still unclear. 3DSNP contains all currently available Hi-C datasets, and we will keep updating the database with new Hi-C datasets. In addition, we notice that computational methods for inferring 3D chromatin interactions from 1D epigenetic data have been recently developed ([@B41]--[@B44]). These algorithms may provide a new data source for 3D chromatin structures, since the 1D epigenomes are available in a wide range of cell lines.

FUNDING {#SEC5}
=======

National Basic Research Project (973 program) \[2012CB518200\] (<http://www.973.gov.cn/>); General Program \[31401141, 81573251\] and Major Research plan \[U1435222\] of the Natural Science Foundation of China ([www.nsfc.gov.cn](http://www.nsfc.gov.cn)); State Key Laboratory of Proteomics of China \[SKLP-Y201303, SKLP-O201104, SKLP- K201004\] ([www.bprc.ac.cn](http://www.bprc.ac.cn)); Special Key Programs for Science and Technology of China \[2012ZX09102301-016\]; Program of International S&T Cooperation (2014DFB30020); National High Technology Research and Development Program of China (2015AA020108). Funding for open access charge: General Program \[31401141, 81573251\] of the Natural Science Foundation of China.

*Conflict of interest statement*. None declared.
